It has been hypothesized that the maternal immune response to infection may influence fetal brain development and lead to schizophrenia. Animal experimentation has supported this notion by demonstrating altered sensorimotor gating (prepulse inhibition, PPI) in adult rats prenatally exposed to an immune challenge. In the present study, pregnant rats were exposed to the bacterial endotoxin lipopolysaccharide (LPS) throughout gestation and the offspring were examined by evaluating the PPI, dopaminergic function, brain protein expression and cytokine serum levels from weaning to late adulthood. Prenatal LPS exposure induced a deficit in PPI that emerged at 'puberty' and that persisted throughout adult life. This prenatal insult caused age-specific changes in accumbal dopamine levels and in synaptophysin expression in the frontal cortex. Moreover, serum cytokine levels were altered in an age-and cytokinedependent manner. Here we show that prenatal LPS administration throughout pregnancy causes maturation-dependent PPI deficits and age-dependent alterations in dopamine activity, as well as in synaptophysin expression and cytokine levels.
Introduction
Schizophrenia is a frequent and disabling psychiatric disorder that emerges in early adulthood, more frequently and with more severe effects in men than women. 1 Sensorimotor gating deficits are among the most robust features found in these patients and their relatives. 2 The etiology of schizophrenia is thought to be associated with disturbances during the development of the nervous system that usually remain silent until puberty, suggesting that postnatal brain maturation precipitates the emergence of the illness. Thus, rather than the consequences of an early acquired 'static' brain lesion, it is currently thought that adolescent brain maturation could interact with preexisting developmental anomalies, thereby contributing to the pathophysiology of schizophrenia. 3 Maternal exposure to infection during pregnancy has been associated with an increased risk of offspring developing schizophrenia. 4 Although the mechanisms underlying this epidemiological relationship remain unclear, the maternal cytokineassociated inflammatory response to infection may be a crucial link, as the identity of the pathogen seems irrelevant. [5] [6] [7] [8] Interestingly, maternal serum levels of the cytokine tumor necrosis factor-a (TNF-a) 7 or interleukin (IL)-8 5 are elevated in mothers of patients with schizophrenia. In addition to their immunological roles, 9 cytokines have been shown to affect the survival, 10 differentiation 11 and morphology 12, 13 of developing neural cells. Thus, intense variations in the levels of inflammatory cytokines in the fetal environment may therefore adversely affect the development of the nervous system, and contribute to the development of future psychobehavioral and/or cognitive impairments. [14] [15] [16] [17] [18] [19] [20] [21] The pattern of immune development can also be modulated by maternal immune events during gestation 22 and indeed, it has been suggested that postnatal immune responses are programmed in utero. 23 Systemic administration of lipopolysaccharide (LPS) is a widely accepted model for emulating immune activation and it is known to release peripheral immunoregulatory cytokines 24 and also to stimulate cytokine expression in the central nervous system. 25 We recently reported that maternal LPSinduced immune activation in rats produces prepulse inhibition (PPI) and immune disturbances in their adult progeny, which can be ameliorated by antipsychotics. 14, 20 The present study was designed to assess the developmental time course of such prenatal LPS-induced pathologies.
Materials and methods

Animals and prenatal treatment
All procedures involved animals and their care complied with national and international laws and guidelines. In this study, Wistar rats from our inhouse colony were used and they were kept under standard conditions (22 ± 2 1C, 12:12 h light/dark cycle; lights on at 0700 hours), receiving food and water ad libitum.
Vaginal smears were taken daily from nulliparous female rats and when in estrus, they were coupled with male rats and coitus was determined the next morning by the presence of sperm in the vaginal smear ( = day 0 of pregnancy). LPS dissolved in saline (LPS from Escherichia coli, Sigma L-3755 Serotype 026:B6) was administered subcutaneously to pregnant rats (n = 16) at a dose of 2 mg kg
À1
, in a volume of 1.5 ml kg
, between 0900 and 1100 hours. Injections were given daily from days 1 to 21 of pregnancy and if a dam had not delivered before 1100 hours on day 22, an additional injection was administered. The control group consisted of pregnant rats (n = 14) that were administered saline alone following the same schedule. Animals were submitted to LPS or saline treatment at different seasons of the year during 18 months. The offspring of the LPS or saline-treated dams were used, they were weaned at 21 days of age and were caged in groups of three animals of the same sex that had been administered the same prenatal treatment. Rats from at least three different litters were used in each experiment. At least 5 animals per age and prenatal treatment conditions were used in the different analysis (see Table and Figure legends for detailed sample size). All rats were weighed immediately after the PPI test and then returned to their cage. Animals of 35, 70, 170 and 400 days of age were killed 96 h after the PPI testing and their brains were removed and their blood was collected to contribute to the biochemical and cytokine assays. It should be noted that PPI was not tested in 21-day-old but in 28-day-old rats for apparatus sensitivity reasons. The data with regard to the biochemical and cytokine assays appearing throughout the text as corresponding to the 70-, 170-and 400-day-old rats actually correspond to that of the 74-, 174-and 404-day-old rats, respectively.
PPI testing
The acoustic startle response was tested in a startle chamber on rats of the ages indicated using previously described methods.
14 After an initial 5-min period of accommodation to a 46 dB background noise (continuous throughout the session), 30 startle eliciting stimuli were presented (100 dB(A)). These initial startle pulses lead to some adaptation, which reduces the variability and stabilizes the baseline startle amplitude, 26 and thus, they were not used in the estimation of PPI. For PPI testing, 30 s after the last initial startle stimulus, 23 additional 100 dB(A) startle stimuli were given, consisting of 8 startle stimuli alone (pulse alone trials); 5 startle stimuli after an auditory prepulse of 6 dB above the background noise; 5 startle stimuli after an auditory prepulse of 12 dB above the background noise and 5 startle stimuli after a visual prepulse. The startle stimuli were given at a fixed interstimulus interval of 20 s and the type of trial to which the animals were subjected was semirandom, with the restriction that each type of trial had to occur in every block of three trials. The extent of PPI is expressed as the percentage decrease in the amplitude of the startle response caused by presentation of the prepulse (%PPI), according to the formula: (100À(startle amplitude on prepulse trials/ startle amplitude on pulse alone trials) Â 100).
Biochemical analysis of dopamine and its metabolites
Rats were killed by decapitation and their nucleus accumbens (NAC), striatum and frontal cortex were quickly dissected from the brain and stored at À80 1C until they were assayed. The concentrations of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DO-PAC) and homovanillic acid (HVA) were measured in the NAC and striatum by HPLC using previously described methods. 14 
Immunoblotting
Frontal cortex tissue from LPS and control rats was homogenized in 500 ml of ice-cold 10 mM HEPES, pH 7.6, containing 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 2 mM NaF, 5 mM DTT and a mixture of protease inhibitors (CompleteTM, Roche Applied Science, Barcelona, Spain). Aliquots of the extracts (10 mg) were resolved on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Amersham Biosciences, Barcelona, Spain). The membranes were blocked in 25 mM Tris, 137 mM NaCl, pH 7.4, 0.1% Tween-20, 5% dry skimmed milk and then incubated with the primary monoclonal antibodies against: synaptophysin (1:7000; Sigma, St Louis, MO, USA); GAP-43 (1:1500; Sigma); glycogen-synthase-kinase-3b (GSK3b) (1:5000; Sigma) and a-tubulin (1:30 000; Sigma). After extensive washing, the membranes were incubated with a peroxidase-conjugated anti-mouse (Bio-Rad, Hercules, CA, USA) antibody and the protein bands were visualized by enhanced chemiluminescence (Amersham Biosciences). Finally, the films were scanned and quantified by densitometry (using a GS-800 Calibrated Densitometer, Bio-Rad), and the protein expression was normalized to that of a-tubulin. The values are expressed as the mean ± s.e.m. of three independent experiments performed.
Cytokine and corticosterone measurements After decapitation, trunk blood was collected from each animal, and the serum was prepared by centrifugation at 15 000 g for 5 min and stored at À80 1C until it was assayed. Cytokine concentrations were determined using commercial ELISA kits in accordance with the manufacturer's instructions (BioSource International, Camarillo, CA, USA). Corticosterone was measured using a solid phase 125 I radioimmunoassay (Coat-A-Count Rat Corticosterone kit, Diagnostic Products Corp., Los Angeles, CA, USA); the detection limit was 5.7 ng ml
À1
. All samples and standards were assayed in duplicate.
Statistical analysis
All values are reported as the mean ± s.e.m. Statistical analysis was performed using the SPSS package, applying the Student's t-test for pairs and analysis of variance (ANOVA), followed by the Student-NewmanKeuls t-test where appropriate for multigroup comparisons. The level of significance was set at P < 0.05.
Results
Litter size and postnatal weights No significant effect of prenatal LPS exposure on litter size was observed, neither in the number of male offspring (control: 4.8 ± 0.5; LPS: 3.7 ± 0.4, F(1,44) = 2996; P = 0.091) nor in the number of female offspring (control: 5±0.6; LPS: 4.2±0.4, F(1,44) = 1.451; P = 0.234). Analysis of offspring weight data at the time of testing revealed significant effect of sex (F(1,233) = 540.001; P < 0,001), with male offspring weighing significantly more than female offspring, and of age (F(4,233) = 1302.248; P < 0,001), with older animals weighing more than the younger ones. A significant sex/age interaction was observed (F(4,233) = 116.935; P < 0,001), weight increase with age was more pronounced in male than in female rats. Prenatal treatment failed to show a significant effect on the weight of the animals at any of the ages analyzed (F(1,233) = 2.405; P = 0,122, NS) (data not shown).
Developmental time course of PPI To determinate whether the emergence of a sensorimotor gating deficit was induced by prenatal LPS administration, male and female offspring of rats exposed to LPS or saline throughout pregnancy were tested for PPI at 28, 35, 70, 170 and 400 days of age ( Figure 1) . ANOVA of the data revealed a significant effect of age (F(4,230) = 12.440, P < 0.001) since 28-and 35-day-old rats showed weaker PPI than older animals (P < 0.001 for each comparison). As reported previously, 14, 20 prenatal LPS treatment significantly disrupted PPI (F(1,230) = 48.820, P < 0.001). However, although the sex of the animal failed to produce any significant difference in PPI (F(1,230) = 0.054, P = NS), a significant sex/prenatal treatment interaction was observed (F(1,230) = 4.224, P = 0.041), as PPI deficit induced by LPS was more prominent and frequently observed in male than in female rats.
Post-hoc analysis of the data with regard to the PPI induced by the 6 dB prepulse type, revealed that LPS exposed male rats displayed significantly lower PPI than the corresponding controls at the ages of 70, 170 and 400 days (P = 0.001, P = 0.005 and P < 0.001, respectively). Similarly, PPI was weaker in female rats exposed to LPS than in controls at the ages of 35 (P < 0.001), 170 (P = 0.005) and 400 (P < 0.001) days. With regard to the 12 dB prepulse, the PPI values from LPS-exposed male rats were significantly weaker than in controls at the ages of 35 (P = 0.032), 70 (P = 0.007), 170 (P = 0.002) and 400 (P < 0.001) days, whereas in LPS-exposed female rats this prepulse only significantly impaired the PPI in animals aged 35 (P = 0.017) and 400 days (P = 0.049). With respect to the visual prepulse, both LPS-exposed male and female rats displayed a weaker PPI than the corresponding controls at the ages of 35 (P = 0.015 in male rats and P = 0.012 in female rats), 170 (P = 0.005 in male rats, and P = 0.045 in female rats) and 400 days (P < 0.001 male rats, and P = 0.002 female rats), whereas only male rats displayed a significant decrease at 70 days (P = 0.044).
Monoamines in the NAC and striatum of rats prenatally exposed to LPS The levels of DA and its metabolites were measured in male offspring (21, 39, 70, 170 and 400 days) of dams exposed to LPS or saline during pregnancy (Table 1) .
In the NAC, a significant effect of age on DA (F(3,83) = 22.404, P < 0.001), DOPAC (F(3,83) = 10.612, P < 0.001) and HVA (F(3,83) = 7.892, P < 0.001) content was observed. Post-hoc analysis revealed that the tissue levels of DA were higher in 170-day-old rats than in other age groups (P < 0.001 for each comparison). Similarly, DOPAC accumbal levels were higher in 170-day-old rats than in other age groups (P = 0.003 vs 21 days, P < 0.001 vs 39, 70 and 400 days), although they were lower in 70-day-old than in 21-day-old animals (P < 0.001). Finally, the tissue levels of HVA were highest in 170-day-old rats (P = 0.004 vs 21 days, P < 0.001 vs 39, 70, 400 days) followed by the 21-dayold animals (P = 0.001 vs 39-and 70-day-old, P = 0.022 vs 400-day-old rats). Interestingly, there was a significant effect of the treatment on DA content (F(3,83) = 11.467, P < 0.001), whereas the treatment failed to show any significant effect on the accumulation of DA metabolites. Post-hoc analysis revealed that the DA concentration was lower in 39-day-old LPS-exposed animals than in the corresponding controls (P = 0.041). However, the DA content in 170-and 400-day-old animals exposed to LPS was higher than in age-matched control rats (P = 0.007 and P = 0.014, respectively). Moreover, a significant interaction between age and prenatal treatment was observed for DA (F(4,83) = 6.192, P < 0.001) and DOPAC levels (F(4,83) = 2.952, P = 0.025), particularly due to a more prominent effect of age in the LPS than in the control animals ( Table 1) .
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In the striatum, a significant effect of age was observed on DA, DOPAC and HVA content (DA: (F(3,95) = 40.011, P < 0.001); DOPAC: (F(3,95) = 23.686, P < 0.001); HVA: (F(3,95) = 17.730, P < 0.001)). Post-hoc analysis revealed that the accumulation of DA was higher in 170-day-old rats than in other age groups (P < 0.001 for each comparison). The lowest tissue level of DA was found in 21-day-old animals followed Figure 1 Effect of prenatal lipopolysaccharide (LPS) exposure on auditory (6 or 12 dB above background noise) and visual prepulse inhibition (PPI) in male and female rats (at 28, 39, 70, 170 or 400 days of age). Control group consisted of offspring of dams treated with saline throughout pregnancy. The results are expressed as the mean±s.e.m. (n = 7±2 rats per group aged 28 days; n = 25 ± 4 rats per group aged 35 days; n = 15 ± 4 rats per group aged 70 days; n = 9 ± 1 rats per group aged 170 days and n = 7 ± 1 rats per group aged 400 days). *P < 0.05, **P < 0.01, ***P < 0.001 vs corresponding control group (analysis of variance (ANOVA) followed by Student-Newman-Keuls t-test).
Time course of prenatal LPS-induced pathology E Romero et al by 39-day-old rats (P < 0.001 for each comparison). DOPAC levels were higher in 170-day-old rats than in the other age groups (P < 0.001 for each comparison) and lower in 21-day-old than in older rats (P = 0.009 vs 39-day-old, P < 0.001 vs 70-and 170-day-old, and P = 0.035 vs 400-day-old rats). HVA tissue levels were highest in 170-day-old rats (P < 0.001 for each comparison) followed by 400-day-old animals (P = 0.026 vs 21-day-old, P = 0.007 vs 39-day-old and P = 0.034 vs 70-day-old animals). There was no significant effect of the treatment; however, a significant interaction between age/prenatal treatment was observed for DOPAC levels (F(4,95) = 3.435, P = 0.011) due to a more prominent effect of age in the LPS than in the control groups.
Protein expression changes in the frontal cortex of male rats exposed prenatally to LPS We assessed the effects of prenatal exposure to LPS on the expression of a series of proteins that may influence the activity of the frontal cortex. Accordingly, we analyzed the expression of synaptophysin, an integral membrane protein of the synaptic vesicle involved in neurotransmitter release, 27 of the growthassociated protein GAP-43, a presynaptic membrane protein concentrated in growth cones and axons 28 and of GSK-3b, a central component of the developmental Wnt signaling pathway. 29 We detected age-dependent changes in synaptophysin expression of LPS rats, and the expression of this presynaptic protein was lower in rats exposed prenatally to LPS than in control animals at 21 (B28%; P < 0.05) and 400 (B21%; P < 0.05) days of age ( Figure 2 ). In contrast, synaptophysin expression was higher in 170-day-old animals prenatally exposed to LPS than in controls (B75%; P < 0.001).
No changes were observed in GAP-43 expression in the frontal cortex of LPS-exposed animals at any age evaluated (data not shown). However, the expression of GSK-3b diminished significantly in 400-day-old Results are expressed as the mean ± s.e.m. (n = 10 ± 2 rats per group aged 21, 39, 70 and 400 days; n = 5-6 rats per group aged 170 days). *P < 0.05, ** P < 0.01 vs control group (ANOVA followed by Student-Newman-Keuls t-test). Representative western blots for synaptophysin and atubulin in the frontal cortex of 400-day-old LPS exposed (n = 6) and control offspring (n = 6). *P < 0.05, ***P < 0.001 vs control rats (Student's t-test).
Time course of prenatal LPS-induced pathology E Romero et al rats prenatally exposed to LPS when compared to controls (B21%; P < 0.05). In contrast, no difference in GSK-3b expression was found in LPS rats younger than 400 days (Figure 3 ).
Serum corticosterone level
Serum corticosterone level was measured in the male offspring of saline-and LPS-treated dams at 21, 39, 70, 170 and 400 days of age (Table 2) . No significant effect of age was observed (F(4,68) = 0.73, P = NS). Prenatally LPS-treated male rats displayed slightly higher corticosterone levels than controls at the age of 70 and 170 days without reaching the criteria for significance (F(1,68) = 2.773, P = NS).
Time course of the effect of LPS on serum cytokine levels In order to profile the effect of maternal immune activation on serum cytokine levels from prepuberty until senescence, we measured the serum concentrations of IL-1b, IL-2, IL-6 and TNF-a from male offspring of dams exposed to LPS or saline throughout pregnancy, at the ages of 21, 39, 70, 170 and 400 days. We were unable to detect a significant effect of age (F(4,90) = 1.637, P = NS) or prenatal LPS treatment (F(1,125) = 0.407, P = NS) on the serum IL-1b levels ( Figure 4a ). However, a significant effect of age (F(4,90) = 4.660, P = 0.002), prenatal treatment (F(1,145) = 28.337, P < 0.001) and an age/treatment interaction (F(1,145) = 13.031, P < 0.001) was observed for the serum IL-2 concentrations. Indeed, 170-dayold control animals showed higher IL-2 levels than 21-(P < 0.001), 39-(P < 0.001), 70-(P = 0.060) and 400-day-old (P = 0.020) animals ( Figure 4b ). Moreover, LPS-exposed rats aged 70 and 170 days showed higher IL-2 levels than the corresponding control animals (P < 0.001 vs both ages). Similarly, there was a significant effect of age (F(4,90) = 5.510, P = 0.001), treatment (F(1,133) = 21.985, P < 0.001) and an age/ treatment interaction (F(4,133) = 27.618, P < 0.001) on IL-6 serum concentrations. Control animals aged 170 days showed higher IL-6 levels than at 21 (P < 0.001), 39 (P = 0.020), 70 (P < 0.001) and 400 days of age (P = 0.008). Furthermore, LPS-exposed rats aged 170 days displayed higher serum levels of this cytokine than the corresponding controls (P < 0.001; Figure 4c ). Finally, there was no significant effect of age on the serum TNF-a levels (F(4,90) = 1.790, P = NS), although a significant effect of treatment (F(1,143) = 205.673, P < 0.001) and an age/treatment interaction (F(4,143) = 10.729, P < 0.001) was observed for this cytokine. LPS-exposed male animals showed higher levels of TNF-a than the corresponding controls at all ages evaluated (P < 0.001 for each comparison; Figure 4d ).
In order to identify a potential sexual dimorphism in the effect of prenatal LPS exposure on serum cytokines, we also measured the levels of IL-1b, IL-6 and TNF-a in the serum from female offspring at the ages of 39, 70, 170 and 400 days Figure 3 Expression of glycogen-synthase-kinase-3b (GSK3b) in the frontal cortex of male rats aged 21, 39, 70, 170 or 400 days exposed prenatally to lipopolysaccharide (LPS) or saline. (a) Densitometric analysis for GSK-3b (normalized to a-tubulin) represented as the mean±s.e.m relative optical density corresponding to six LPS offspring and six control offspring. Each sample was assayed three times. (b) Representative western blots for GSK-3b and a-tubulin in the frontal cortex of 400-day-old LPS (n = 6) and control offspring (n = 6). *P < 0.05 vs control rats (Student's t-test). Results are expressed as the mean ± s.e.m. (n = 10 ± 2 rats per group aged 21 and 39 days; n = 17-18 rats per group aged 70 days; n = 26-12 rats per group aged 170 days and n = 6-9 rats per group aged 170 days).
Time course of prenatal LPS-induced pathology E Romero et al (Table 3) . No significant differences in serum IL-1b level due to age (F(1,43) = 1.079, P = NS) or treatment (F(1,43) = 0.730, P = NS) were observed. However, both IL-6 and TNF-a levels were significantly affected by age (IL-6: (F(1,43) = 9.728, P = 0.005), TNF-a: (F(1,43) = 11.260, P < 0.001) and treatment (IL-6: (F(1,43) = 8.866, P = 0.005), TNF-a: (F(1,43) = 22.235, P < 0.001)), and age/treatment interactions were observed (IL-6: (F(4,43) = 4.058, P = 0.014), TNF-a: (F(4,43) = 8.948, P < 0.001). The effect of prenatal LPS exposure on serum IL-6 level was observed only in 170-day-old female rats, which displayed higher serum level of this cytokine than the corresponding controls (P < 0.001). However, this prenatal insult increased serum level of TNF-a in female rats at all ages evaluated, except for the age of 170 days, where no significant differences were observed between female rats exposed to LPS or saline during their prenatal period (P = 0.023 vs 39-day-old, P < 0.001 vs 70-day-old and P = 0.049 vs 400-day-old control rats).
Discussion
This study reveals three important consequences in the offspring of maternal immune activation during pregnancy. First, it shows that such prenatal insults impair sensorimotor gating in a manner related to maturation, and more severely in male than in female rats. Second, it shows that a maternal immune challenge can compromise the integrity of neuronal circuits in the offspring throughout life, as reflected by the age-specific abnormalities in the abundance of DA in the NAC, and in synaptophysin in the frontal cortex. Finally, this study indicates that cytokine Figure 4 Serum cytokine levels of male rats exposed to lipopolysaccharide (LPS) (black circles) or saline (white circles) throughout the prenatal period at the age of 21, 39, 70, 170 or 400 days. Results are expressed as the mean ± s.e.m. (a) Serum interleukin (IL)-1b levels (n = 9±2 rats per group aged 21 and 39 days; n = 32±4 rats per group aged 70 days; n = 13±1 rats per group aged 170 days; n = 6 rats per group aged 400 days). (b) Serum IL-2 levels (n = 13 ± 2 rats per group aged 21 and 39 days; n = 25 ± 5 rats per group aged 70 days; n = 20 ± 2 rats per group aged 170 days; n = 6 rats per group aged of 400 days). The upper part of the figure represents the IL-2 serum levels in the control group at the five ages cited above. (c) Serum IL-6 levels (n = 15±1 rats per group aged 21 days; n = 11±1 rats per group aged 39 days; n = 20±3 rats per group aged 70 and 170 days; n = 6 rats per group aged 400 days). The upper part of the figure represents the serum IL-6 levels in the control group at the five ages cited above. (d) Serum tumor necrosis factor-a (TNF-a) levels (n = 9 ± 2 rats per group aged 21 days; n = 6 rats per group aged 39 and 400 days; n = 26±2 rats per group aged 170 days).***P < 0.001 vs corresponding control group; z P < 0.05 vs 70-or 400-day-old control animals and P < 0.001 vs 21-or 39-day-old control animals; ö P < 0.05 vs 70-day-old control animals and P < 0.001 vs 21-, 39-or 400-day-old control animals (analysis of variance (ANOVA) followed by StudentNewman-Keuls t-test).
Time course of prenatal LPS-induced pathology E Romero et al anomalies induced by prenatal immune activation are age dependent. In particular, the increase in TNF-a occurs earlier than the sensorimotor gating disruption. Although these data are discussed below, it is important to note that they indicate that maternal infection during pregnancy might direct the phenotypic expression of schizophrenic symptoms throughout life. Sensorimotor gating is a fundamental brain function, by which excess or trivial stimuli are screened or 'gated out' by central inhibitory mechanisms in the early stage of information processing. 30 It is a process that emerges during infancy and matures during childhood. 31, 32 In the present study, control animals showed a strong increase in PPI values from 35 to 70 days of age, suggesting that the formation of mature neural circuits for sensorimotor gating occurs in rats during this period. This maturation-dependent increase in sensorimotor gating was attenuated in the offspring of dams exposed to LPS during pregnancy, leading to an adult deficit in this brain function. This phenomenon was particularly robust in male rats, whose PPI score was not enhanced from 35 days of age, often considered as adolescence in the rat. 33 Thus, consistent with the clinical symptomatology of schizophrenia, the data presented show that a PPI deficit induced by prenatal exposure to LPS in rats emerges during adolescence and persists throughout life. These results are also in good agreement with the postpubertal changes in sensorimotor gating observed after prenatal administration of the synthetic cytokine inducing polyriboinosinic-polyribocytidylic acid (polyI:C) in mice 34 or rats. 19 As both LPS and polyI:C produce changes in the maternal and fetal cytokine levels, 35, 36 cytokine induction during gestation could represent a link between maternal infection and adult sensorimotor gating pathologies. Moreover, it has been recently shown that a single maternal injection of IL-6 in mouse can induce sensorimotor gating deficits in the adult offspring. 37 Indeed, this behavioral feature may reflect the interaction of early developmental disturbances with adolescent brain maturation.
Prenatal LPS exposure strongly disrupted PPI in male rats at each prepulse intensity tested. In female rats, prenatal LPS exposure also produced a strong PPI deficit in response to the weaker auditory prepulse (6 dB above background); but to the stronger auditory (12 dB above background) or the visual prepulses the PPI deficit was significant only at some age points. Using an intermediate prepulse intensity (10 dB above background), we had reported that female rats prenatally exposed to LPS manifested a disruption in the PPI later than LPS-exposed male rats. 20 Hence, male rats appear to be more sensitive to the effects of prenatal immune activation on sensorimotor gating than female rats, supporting the idea of gender differences in PPI in pathological states. Interestingly, with a prepulse stimulus of 15 dB above background, men with schizophrenia display a weaker PPI than healthy men, whereas PPI in women with schizophrenia does not differ from that in healthy women. 38 One of the most important elements of the complex circuits that modulate PPI is the dopaminergic input to the NAC. 39, 40 Given that overactivity in this system reduces PPI, it is tempting to speculate that the prenatal disruption of PPI in LPS-exposed rats could be mediated by changes in the establishment of accumbal DA input during adolescence, which leads to DA overactivity in adulthood. This possibility is highlighted by the fact that LPS-exposed rats display lower accumbal levels of DA than controls in adolescence, normal levels during the juvenile period and higher DA levels than controls in adulthood. In the interpretation of these results, consideration must be given to the fact that multiple comparisons may render associations with P-values between 0.01 and 0.05 potentially relatively less meaningful. The changes observed in DA content in the NAC may reflect an abnormal basal DA synthesis and/or DA receptor reorganization during maturation. Indeed, DA receptors are regulated in response to the availability of DA 41 and dopaminergic systems undergo substantial reorganization during adolescence in both humans 42 and rats. 43 For example, basal DA synthesis peaks in the rat prefrontal cortex early in adolescence and subsequently wanes, whereas synthesis is low at this time in the NAC and it increases subsequently. 44 DA receptor overproduction and Results are expressed as the mean±s.e.m. (n = 6±2 rats per group). *P < 0.05, ***P < 0.001 vs control rats (ANOVA followed by Student-Newman-Keuls t-test).
Time course of prenatal LPS-induced pathology E Romero et al elimination in adolescence displays regional differences 43, 45 and it is much more pronounced in male than in female rats. 46 Thus, developmental events during adolescence may alter the relative balance of DA activity between the prefrontal cortex and the subcortical regions.
Synaptic abnormalities have been proposed as a cause of various sensory processing impairments associated with schizophrenia. 47 The onset of psychotic symptoms in adolescence or early adulthood has been related to an increase in the normal synaptic pruning that occurs in the prefrontal cortex. 48 In the present study, levels of synaptophysin, a marker of synaptic density, 49 were different throughout the lifetime of LPS rats when compared to the controls suggesting that the prenatal immune challenge provokes aberrant synaptic remodeling and plasticity in the frontal cortex in an age-dependent manner. The absence of changes in the expression of GAP-43, thought to influence the growth state of presynaptic terminals, in LPS-exposed rats may indicate that the altered synaptophysin levels in these LPS-animals are not the result of generalized changes of cortical neuropile but at individual terminals. The increased level of synaptophysin in the frontal cortex of adult (170 days) prenatally LPS-exposed rats is not consistent with the reduced levels found in the brains of patients with schizophrenia [50] [51] [52] and the implication of gray matter loss in the illness [53] [54] [55] [56] [57] [58] as frequently reported. However, the emergence and timing of these deficits are difficult to be approached in humans. Interestingly, we observed a reduction of synaptophysin in the frontal cortex of 400-day-old rats prenatally exposed to LPS. This indicates that increased synaptophysin expression at the adult age could precede the reduced expression of this protein observed in the frontal cortex at senescence. Our findings agree with a previous report indicating that cortical levels of synaptic vesicle-associated proteins significantly decline with age in schizophrenic patients, but not in control subjects. 59 Moreover, although reduced synaptophysin levels in the brains of patients with schizophrenia are widely observed, [50] [51] [52] 60 higher mRNA levels of cortical synaptophysin have been reported in 52-73-year-old schizophrenic patients than in the age-matched controls. However, no differences were found in schizophrenic patients older than 75 years. 59 We found a slight reduction in the expression of GSK-3b in the frontal cortex of 400-day-old rats prenatally exposed to LPS, whereas no alterations were detected in this brain area of younger rats. GSK-3 abnormalities have previously been linked to schizophrenia. [61] [62] [63] [64] Approximately 40% lower GSK3b mRNA and protein levels, as well as GSK-3 kinase activity was found in postmortem tissue from the frontal cortex of subjects with schizophrenia when compared with controls. However, except for less GSK-3 mRNA, these differences were not confirmed in samples from a different brain source. 65 This difference between brain collections was also encountered by another group who found differences in GSK-3b protein levels from schizophrenic and control samples in one brain collection but not in another. 66, 67 Our observations suggest that age could be an important confounding factor that may produce heterogeneity in the measurement of GSK-3b expression in schizophrenic brains.
The pregnant rats used in this study were submitted to the well-documented LPS-induced immune challenge. 20 Even though LPS could induce effects on maternal rearing, the data on serum corticosterone level and animal weight in the offspring at different ages studied made this explanation unlikely as a major source of PPI disruption. Although further studies will be needed to elucidate how prenatal LPS exposure disrupts PPI, our data show that this early environmental insult produces a postpubertal lifelong PPI deficit associated with altered accumbal DA levels and abnormal activity in the frontal cortex. Moreover, these results provide further support for the hypothesis that synaptic abnormalities in schizophrenia may be derived from differences in developmental synaptic density in the normal and diseased states. Accordingly, prenatal administration of polyI:C leads to postpubertal emergence of a sensorimotor gating deficit together with dopaminergic hyperfunction in mice 34 and rats. 19 We found a dissociation between the developmental time course of the PPI deficit and the cytokine alterations induced by prenatal exposure to LPS. Specifically, although rats exhibited an 'adolescent level' in their sensitivity to prenatal LPS exposure in terms of PPI disruption, the consequences of this prenatal insult in the offspring's serum cytokine levels were readily observed in 21-day-old pups as an increase in the serum levels of TNF-a. Our study includes a wide range of postnatal ages in male and female rats and reveals that prenatal immune overactivation results in age-dependent cytokine-specific changes. The trends of IL-1b and IL-6 profiles were similar in both female and male rats prenatally exposed to LPS. However, it remains to be seen if the postpubertal rise in serum IL-2 observed in male rats appears similar in female rats as well. Interestingly, prenatal LPS exposure affects TNF-a level differently in male and female rats. In particular, an elevation of serum TNF-a was detected in male rats throughout the age range examined, whereas in female rats this increase was not observed at the age of 170 days. The postpubertal nature of this difference suggests that the effects of prenatal LPS exposure in cytokine levels are influenced by sex hormones.
There are several lines of evidence suggesting that immune system overactivation influences schizophrenia. Elevated serum levels of IL-2, IL-6 and TNF-a have been observed in several studies. [68] [69] [70] These levels have been correlated with the response to treatment, 71 younger age onset, 72 duration of the illness 73 and symptomatology. 74 Among all the cytokine abnormalities, elevated serum TNF-a level seems to be the more persisting Time course of prenatal LPS-induced pathology E Romero et al feature in prenatally LPS-exposed rats and could be considered as an early phenotypic marker of the prenatal-LPS-induced pathology. Cytokines are able to cross the brain-blood-brain barrier (BBB) [75] [76] [77] and influence central monoamine activity. 78 Indeed, increased IL-6 facilitates the BBB disturbances. 79 It should be noted that IL-2 and IL-6 in the rodent brain are expressed in selected regions directly implicated in the gating circuitry. 80 The increase in serum TNF-a level prior to the expression of the PPI deficit suggests that this cytokine could participate directly, and/or by stimulation of proinflammatory cytokine release, in the anatomical damage to structures or to neurodevelopmental processes related to PPI. Further studies will elucidate if the LPS-induced PPI deficit reported in this work is associated with cytokine age-dependent changes in regions of the brain directly implicated in sensorimotor gating. However, it has been reported that maternal immune activation alters cytokine expression in the fetal brain 35, 36, 81 but not in the adult brain. 81 This raises the possibility that modifications in inflammatory-related responses in the brain, rather than cytokines themselves, could be the underlying relation between the peripheral cytokine changes and the PPI deficit associated with this prenatal insult. Supporting this hypothesis, it has been recently shown that TNF-a is able to induce in endothelial cell line, the transcription of inflammation-related genes which are upregulated in schizophrenia brains. 82 In adult rats, treatment with antipsychotics reversed the serum cytokine and PPI abnormalities induced by prenatal LPS exposure. 14 Interestingly, PPI is enhanced in both IL-2 knockout mice, and mouse strains that spontaneously develop systemic lupus-like autoimmune disease which present a marked deficit in IL-2 production. 83 It remains to be determined whether or not antibodies against IL-2, IL-6 or TNF-a could prevent or rescue PPI deficits induced by prenatal LPS exposure. Importantly, the benefits of antibodies against TNF-a as a promising therapy for schizophrenia have already been described. 84 The precise mechanisms by which prenatal immune activation induces age-dependent changes in serum cytokines, and the relationship with the associated neuropathologies, remain largely unresolved. In addition to the relevance of this work in studying the link between maternal infection and schizophrenia, our results also point out the importance of maternal immunological insults during gestation for the future adult immunological responses. We might speculate that paying attention to these changes might open up new therapeutic approaches to neurodevelopmental diseases such as schizophrenia, where there is evidence of immune system overactivation.
